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Abstract 
The calibration of large-scale geothermal models for entire sedimentary basins is challenging as direct measurements of rock 
properties and subsurface temperatures are commonly scarce and the basal boundary conditions poorly constrained. Instead of the 
often-applied trial-and-error manual model calibration, we examine here the use of an automatic model calibration method, 
implemented in iTOUGH2, for a large-scale conductive geothermal simulation of the Perth Basin, Australia. The application 
shows that we obtain valuable insights into parameter sensitivities and correlations. In addition, outlier analysis, parameter 
bounds and the spatial variation of temperature residuals provide indication for convective heat transport in the basin. These 
interesting results will be addressed with future work. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The determination of subsurface temperatures in sedimentary basins is relevant to a range of scientific and 
practical applications, especially in the context of energy resources. As direct measurements of temperatures at depth 
are rare and expensive, a simple interpolation of observations often contains large uncertainties [e.g. 1]. Another 
approach to estimate subsurface temperatures is based on the consideration of the physics of hydrothermal heat 
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transport using numerical simulations [e.g. 2,3,4]. Results of numerical heat transport simulations are then 
commonly compared to measured temperature data; Simulation parameters (e.g. the spatial distribution of thermal 
conductivities in the subsurface) are subsequently adjusted on a “trial-and-error” basis. Although this method often 
leads to acceptable results, we evaluate here how automatic model calibration methods provide a further insight into 
parameters and model assumptions that cannot be obtained with manual model calibration alone. 
We analyze these aspects in a case study of the Perth Basin, Australia (Fig. 1 inset). We follow in this work the 
general method of parameterizing the subsurface property distributions with a 3-D geological model, capturing and 
representing the geological setting, and then assigning characteristic rock properties to each geological unit. Based 
on these properties and appropriate boundary conditions, the conductive temperature field is calculated and 
properties are calibrated to reduce mismatch between simulated and observed temperatures in the basin. The relevant 
steps are described below. 
2. Materials and methods 
2.1. Geological model 
The geothermal simulation is based on a high-resolution full 3-D geological model, covering an area of more 
than 100,000 square kilometers and extending to a depth of 55 kilometers [5]. The model is interpolated with an 
implicit potential-field approach [6] and contains all major faults (> 80) and geological units (13) for the entire 
basin. The computed geological model is discretized into a rectilinear mesh with a lateral resolution of 500 x 500 m, 
and a variable resolution at depth (Fig. 1). The highest resolution of 25 m is applied to a depth range of 1000-3000 
m where most temperature measurements are available (Fig. 2b). The entire discretized model consists of 
approximately 50 million cells. 
Fig. 1. Sedimentary units of discretized geological model for the Perth Basin, ”exploded” view, vertical exaggeration of 5. The sedimentary units 
shown here extend to a depth of 16 km at the deepest parts (the entire model extends to 55 km depth). Inset: location of study area in the Perth 
Basin, at the western margin of Australia. 
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The discretized geological model is transferred to an input file for numerical geothermal simulation using the 
Python package PySHEMAT [7]. 
2.2. Geothermal simulation, rock properties, and boundary conditions 
We consider conductive heat transport (Fourier’s law) and radiogenic heat production for the simulation of the 
temperature field T in the basin with the energy balance equation for conductive heat transfer: 
ߩܿ௉
డ்
డ௧
=  ߘ ή (ߣ஻ߘܶ) +  ݍ  (1) 
ZKHUH ȜB LV WKH EXON URFN WKHUPDO FRQGXFWLYLW\ PDWUL[ DQG IOXLG FRQGXFWLYLW\ ZHLJKWHG E\ SRURVLW\ ȡ URFN
density, cP heat capacity, and q summarizes the effect of radiogenic heat production. As we consider here the steady-
state temperature field, the transient term on the left hand side of Eq. (1) becomes zero and the remaining relevant 
rock properties are bulk thermal conductivity and heat production. These rock properties have been compiled from 
specific studies within the Perth Basin where possible, and from worldwide representative ranges else. For more 
information, see Reid et al. [8]. 
The boundary condition for the top of the model is defined as fixed temperature (Dirichlet) boundary condition. 
The temperature values are derived from detailed surface temperature and remote sensing measurements on land and 
sea surface [9] and spatially adjusted to the resolution of the grid. This is relevant, as surface temperature differences 
exceeding 10 K exist between the North and the South due to the large extent of the model [8]. 
The base of the model extends below the Mohoroviþiü discontinuity, and we apply a constant heat flux 
(Neumann) boundary condition at the model base. As previous studies suggested that the heat flux might vary from 
North to South [8], we consider a possible lateral variation of basal heat flux as an additional parameter in the 
simulation. 
The forward simulation of heat transport to solve Eq. (1) with these properties and boundary conditions is 
performed with the finite difference simulation code SHEMAT [10]. 
2.3. Temperature observations 
Several deep temperature observations exist in the area of the Perth Basin. As these measurements were mainly 
derived from legacy petroleum exploration studies, they were usually taken as bottom hole temperature 
measurements or derived from drill stem tests. The quality of the available data therefore varies significantly. 
However, 135 measurements from 97 wells in a depth range of up to 5 km could be used for our study, and their 
quality is taken into account during model calibration (Fig. 2). The histogram in Fig. 2 shows the overall distribution 
of measurements, mostly located from 1–5 km. This depth distribution has been considered in the vertical 
discretization of the model grid for the finite difference simulation (see Introduction). The grid resolution is highest 
where most temperature measurements exist to limit the effect of an interpolation error when comparing simulated 
to measured temperatures in the subsequent calibration step. 
It is interesting to note that the temperature measurements in Fig. 2a show great variability. Whereas an average 
geothermal gradient of 25° to 35° K/km seems to be prevalent in the upper 2-3 km, no clear gradient exists for 
deeper measurements. 
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Fig. 2. (a) Distribution and quality of estimated formation temperatures at depth: A high quality, to C low quality [see 8, for details]; (b) 
histogram for number of measurements at depth: most measurements are located between 1–5 km. 
Fig. 3. Workflow for model calibration using SHEMAT for the geothermal simulation, and iTOUGH2 routines for calibration and sensitivity 
analysis through the PEST interface. 
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2.4. Automatic calibration and model analysis 
We attempt here a method for an automatic calibration of model parameters (thermal conductivity, heat 
production, and basal heat flux). The main aim of this procedure is generally to obtain a well-calibrated model, 
based on a mathematically defined and reproducible method. In addition, we want to obtain formal insights into 
parameter sensitivities and correlations. 
For the calibration of the geothermal model, we combined the conductive temperature forward simulation, 
implemented in SHEMAT, with model analysis and calibration methods provided by iTOUGH2 [11] through the 
recently developed PEST interface [12] (Fig. 3). The interface allows us to use the functionalities of iTOUGH2 with 
the geothermal model simulated using the SHEMAT code instead of TOUGH2. The simulation is adjusted through a 
PEST template file, and results passed back to iTOUGH2 through an instruction file where the parameter update is 
determined and passed back to the external simulation. 
The model analysis is performed in three steps: sensitivity analysis, correlation estimation, and model calibration. 
A brief description is given here, for details please see [11]. The analysis of these methods is generally based on a 
formulated objective function, describing the misfit between simulated and measured values at observation points. 
In our case, we determine a value for the simulated temperature at a specific location through trilinear interpolation 
from the nearest simulated grid values. The difference between measured and simulated value is weighted by 
measurement error to obtain the weighted residual, and the objective function is finally calculated on the basis of all 
these residuals. Commonly, the least-squares objective function is used as the sum of squared residuals [11]. 
However, we use here an objective function based on a robust estimator, the Andrew’s estimator [13]. The reason 
for this choice is that we aim to reduce the effect of large outliers due to advective heat transport, see discussion and 
[14]. 
Based on the formulated objective function, we perform a detailed model analysis. As a first step, we evaluate 
parameter sensitivities with respect to the objective function. The aim of this step is to determine which parameters 
can be evaluated during the calibration procedure. Parameters with a low sensitivity can generally not be resolved. 
The next step is to estimate parameter correlations. This is essential as correlated parameters can lead to misleading 
results and remaining uncertainties. Finally, based on the results of the previous steps, the final parameter set for 
model calibration is selected and the parameter estimation is performed with the Levenberg-Marquardt algorithm. 
3. Results 
3.1. Parameter sensitivities and correlations 
Prior to performing the full model calibration, we investigated parameter sensitivities and correlations in the 
model. In Fig. 4a, it is directly visible that several paramHWHUVWKHUPDOFRQGXFWLYLWLHVȜ of very shallow layers) have 
almost no influence on the objective function can therefore not be resolved in the model calibration step. The most 
sensitive parameters are related to the basal heat flux (q0 and qdxdq), thermal conductivity of the Yarragadee 
IRUPDWLRQȜYa) and the heat production of the basement (HU). However, the analysis of direct parameter correlations 
(Fig. 4b) for the most sensitive parameters shows that heat production in the basement and the basal heat flux are 
highly (negatively) correlated, and we therefore can not expect to resolve both parameters in the calibration step. 
3.2. Model Calibration 
Based on the results of the previous analysis, we chose those parameters that retain 95% of the relative parameter 
sensitivity (up to thermal conductivity of the Lesueur FormatiRQȜLe in Fig. 4a) for the final model calibration step. 
Due to the high correlation between basement heat production and basal heat flux, we fixed the basal heat flux to a 
value of 20 mWmí2 in the south, linearly increasing to 32 mWmí2 in the north, and considered heat as optimization 
parameter. Initial parameters and results of the calibration are presented in Tab. 1. Several parameters were only 
adjusted slightly, including deep layers (Permian and Basement), as well as the value for volumetric heat production 
in the basement (from 2.4 x 10-6 to 2.2 x 10-6 Wmí3). However, several values reached predefined bounds during 
the calibration (indicated with bold numbers in Tab. 1). Particularly interesting are the values for Cattamarra Coal 
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Measures and the Yarragadee formation, where the former was adjusted to a very low value, and the latter to a very 
high value (see discussion). However, in general a well-calibrated geothermal model is obtained for the entire Perth 
Basin with the automatic model calibration. 
Fig. 4. (a) Parameter sensitivities, (b) Matrix of direct correlations; for comparison with Tab. 1, parameters are: q for basal heat flux, HU is heat 
producWLRQLQXSSHUFUXVWEDVHPHQWȜ are thermal conductivities for: Ya: Yarragadee Fm., Ko: Kockatea Shale, Ca: Cattamarra Coal Measures, 
U: Upper Crust/ Basement, En: Eneabba Fm,, Su: Sue Group, Le: Lesueur Fm., Lv: Leederville Fm., Wo: Woodada, Ss: South Perth Shale, Sh: 
Superficial Fm., Pa: Parmelia, Ga: Gage Fm. 
Table 1. Initial parameters for geothermal simulation and calibration results; The initial value for radiogenic heat production 
in the “Upper Crust - Basement” was 2.4 x10-6 and the final calibrated value 2.2 x 10-6 Wm3. N/A: parameters not adjusted in 
calibration; Bold values: parameters reached upper or lower bounds. 
Formation Porosity (-) Radiogenic heat production (PW m-3) Thermal conductivity (W m-1 K-1) 
   Initial Calibrated 
Mantle 0.01 0 4 N/A 
Lower Crust 0.01 1.5 x 10-7 3.2 N/A 
Upper Crust - Basement 0.01 See legend 2.7 3 
Sue Group (Permian) 0.05 4.0 x 10-7 3.1 2.6 
Kockatea Shale 0.12 1.2 x 10-6 1.5 1.3 
Late Triassic Formations 0.05 5.0 x 10-7 2.7 3.3 
Lesueur Formation 0.09 5.0 x 10-7 3.8 4.2 
Eneabba Formation 0.06 5.0 x 10-7 3.85 3.4 
Cattamarra Coal Measures 0.1 4.5 x 10-7 4.1 2.3 
Yarragadee Formation 0.2 5.0 x 10-7 4.3 4.9 
Parmelia Formation 0.2 5.0 x 10-7 3.1 N/A 
Gage Sandstone 0.1 5.0 x 10-7 3.9 N/A 
South Perth Shale 0.1 8.0 x 10-7 1.5 N/A 
Leederville Formation 0.3 6.0 x 10-7 3.4 N/A 
Superficial Formation 0.3 6.0 x 10-7 3.4 N/A 
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4. Discussion and outlook 
We presented a case study for an automatic model analysis and calibration of a geothermal model on the scale of 
an entire sedimentary basin, the Perth Basin in Australia. An important aspect of this work is that we obtained 
valuable information about parameter sensitivities and correlations that are not available with the commonly applied 
“trial-and-error” method for model calibration. We identified that parameters of the shallow geological layers are 
not sensitive to the objective function and cannot be calibrated, and obtained an insight into important parameter 
correlations for the deep parts of the model and the basal boundary condition. Furthermore, due to the 
mathematically formulated misfit function and a deterministic inversion approach, we derive a completely 
reproducible calibrated temperature model with insights into remaining parameter uncertainties and model misfits. 
One important result described above was that the calibration routine reached pre-defined bounds for several 
units (Tab. 1), resulting especially in a very high value for thermal conductivity of the Yarragadee formation. As this 
formation consists partly of highly permeable clastic sediments [5], this effect could be due to advective heat 
transport, an interpretation that is in agreement with previous studies [15, 16], which suggested the presence of 
convection in the Perth Basin. An additional indication for this effect is visible in the map of relative residuals 
between measured and simulated temperatures in the North Perth Basin (Fig. 5). Interesting to note are the close 
spatial correlations between positive and negative residuals. These differences are difficult to explain with a purely 
conductive heat transport model. In order to reduce the influence of advective heat transport on the objective 
function, we used the Andrew’s estimator for the objective function (as described above). However, as the physical 
effect of advective heat transport is not considered in our simulation, we will address the analysis of this effect in 
more detail in future work. 
An additional interesting aspect for further investigation is the question of correlation for basal heat flux and 
basement heat production. As deep boundary conditions have an important influence on basin simulations on this 
scale [17], we expect that a careful evaluation of the spatial gradient and the value of the basal heat flux can reveal 
insights into deep heat transport mechanisms below the basement. We will address this question in future work with 
a revised analysis of depth to the Mohoroviþiü discontinuity including uncertainties and the effect of alternative 
boundary conditions.  
Fig. 5. Relative residuals (difference between measured and computed, normalized by measured temperatures) for the North Perth Basin. Scale 
given by UTM coordinates. Note the close spatial correlation between opposite residuals, an effect difficult to explain with a purely conductive 
heat transport process. 
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